Introduction
With the widespread use of combination antiretroviral therapy (cART), there has been substantial declines in AIDS-related mortality [1] [2] [3] [4] . Consequently, people living with HIV have seen impressive gains in life expectancy resulting in the increasing importance of coinfections such as hepatitis C virus (HCV) as contributors to morbidity and mortality [5] . Due to shared routes of transmission, recent estimates are that 2.3 million (6.2%) of HIV-infected individuals are coinfected with HCV globally and 170 00 Canadians [6] . HCV-HIV coinfection is associated with a three-fold higher risk of death compared with HIV-monoinfection and a 12 times higher rate of mortality compared with the general population [7, 8] . HIV hastens liver fibrosis progression, resulting in increased liver-associated morbidity and mortality, particularly in the setting of low CD4
þ T-cell counts [9] .
Liver disease-related deaths secondary to cirrhosis, liver failure and hepatocellular carcinoma (HCC) have accounted for 20-25% of all causes of death in several studies of HIV-HCV coinfection [8, 10, 11] . Before widespread HCV treatment, end-stage liver disease (ESLD) was the primary cause of death in the Canadian Co-infection Cohort [8] . HCV treatment uptake has been primarily limited to individuals with advanced fibrosis and there is emerging evidence that deaths secondary to liver disease may be declining in recent calendar periods in some [12, 13] but not all studies. This may be partly explained by the finding that achieving sustained virologic response (SVR) following treatment reduces rates of hepatic decompensation, HCC and death from liver-related and nonliver-related causes [9, [14] [15] [16] [17] [18] . In addition to liver-related outcomes, HCV infection has been associated with increased cardiovascular morbidity, renal dysfunction, insulin resistance and cancers [19] [20] [21] [22] [23] . People infected with HCV also experience increased mortality due to substance abuse and drug overdose [25, 26] . Determining which modifiable factors may be contributing to excess mortality in coinfected patients is necessary to address potentially preventable causes of death and to develop more effective interventions to reduce the excess mortality and maximize the benefits of HCV therapy in this population [24] [25] [26] .
The primary objective of this study was to examine causespecific mortality among HIV-HCV coinfected patients, with a particular focus on evaluating changes in mortality trends over time, before and after the scale-up of effective HCV treatments.
Methods

Study population and data collection
We used data from the Canadian Co-infection Cohort Study (CTN222), an open prospective multicentre study recruiting patients 16 years of age and older with documented HIV infection and with chronic HCV infection or evidence of HCV exposure (e.g. HCV seropositive by ELISA serologically false-negative, HCV RNA-positive). From April 2003 to December 2017, 1634 patients were enrolled from 18 sites across six Canadian provinces. Cohort design and protocol have been reported in detail elsewhere [27] . After written informed consent, patients underwent an initial evaluation followed by study visits approximately every 6 months. At each visit, sociodemographic and behavioral information (including smoking, alcohol and drug use) were self-reported in questionnaires, medical treatments and diagnoses were collected by research personnel, and laboratory analyses were performed. The study was approved by the community advisory committee of the Canadian Institutes of Health Research-Canadian HIV Trials Network and by all institutional ethics boards of participating centers.
All patients with at least one cohort visit between April 2003 and December 2017 were included. Patients were censored on the date of death or at their last clinic visit prior to December 2017. Deaths were reported by clinics. In addition, linkage to provincial vital statistics was available in three of the six provinces (Quebec, Alberta and British Columbia, representing 66.5% of participants) and was used to identify deaths and their causes among participants lost to follow-up (defined as no study visit for >1 year) throughout the study period. For all identified deaths, sites used a standardized case report form to capture information near the time of death and accurately describe the causes of death including primary and secondary causes, while giving a global assessment of the underlying cause of death using a modification of the Coding of Cause of Death in HIV Protocol [28] . Each site completed the form using death certificates, medical charts, discharge summaries, coroner reports or autopsy reports whenever available. Deaths were classified into five categories: ESLD, smoking-related, drug overdose, other and unknown causes. Deaths due to ESLD included liver cirrhosis, ascites, hepatic encephalopathy, bleeding esophageal varices, spontaneous bacterial peritonitis and HCC [29] . Smoking-related deaths included causes such as cardiovascular disease (CVD), esophageal and lung cancer, and pneumonia among smokers. Deaths due to other causes included AIDS, cancer (other than esophageal, lung and liver), infection (nonpulmonary), as well as suicide, trauma and accidents.
Statistical analysis
To compare trends in mortality over time, we created a dichotomous time variable for early (1 April 2003 to 31 December 2012) and late (1 January 2013 to 31 December 2017) periods chosen to represent the time before and after which HCV treatment uptake began to increase in the cohort [after the approval in Canada of simeprevir, the first of the second-generation direct-acting antivirals (DAAs), in November 2013], with equal amounts of person-time in each period [30] . As causes of death may vary greatly by age group, age was also dichotomized: 20-49 years and 50-80 years. All cause and cause-specific event rates per 1000 person years were estimated using Poisson regression for the early and late cohort periods stratified by time-updated age. Standard errors were obtained using a quasi-likelihood approach and 95% confidence intervals (CIs) were constructed using the normal approximation for the log rate ratio. A competing risks survival model [31] was used to estimate the cause-specific adjusted hazard ratios (aHR) and 95% CIs of time and age groups on ESLD, smokingrelated, drug overdose, other and unknown deaths, adjusted for time-updated detectable HIV RNA (HIV RNA 50 copies/ml), CD4 þ cell count 350 cells/ml or less, aspartate aminotransferase to platelet ratio index (APRI) index more than 1.5 (as a measure of fibrosis), and HCV RNA positivity at last visit. As we were interested in mortality from ESLD, we computed ESLD-specific 5-year cumulative incidence functions (CIFs) from the estimated cause-specific hazards, stratified by age group (20-49 vs. 50-80) and HCV RNA status (positive vs. negative) for three reference groups: (A) individuals in whom HIV is well controlled and who have no evidence of liver fibrosis (CD4 þ cell count 350 cells/ml, HIV RNA 50 copies/ ml, APRI 1.5); (B) individuals in whom HIV is well controlled but who have evidence of liver fibrosis (CD4 þ cell count 350 cells/ml, HIV RNA 50 copies/ml, APRI > 1.5); and (C) individuals in whom HIV is not well controlled and have evidence of liver fibrosis (CD4 þ cell count <350 cells/ml, HIV RNA > 50 copies/ml, APRI > 1.5). The incidence derived from CIFs is interpreted as the 'probability of experiencing the primary event conditioned upon not experiencing either event (primary or competing) until that time' [32] . Statistical analyses were performed using R version 3.3 (The R Foundation for Statistical Computing, Vienna, Austria). Drug overdose was the most common cause of death overall (n ¼ 49; 18%), followed closely by ESLD (n ¼ 46; 17%) and smoking-related deaths (n ¼ 41; 15%, of which CVD and pneumonia accounted for 5.5% each, and esophageal and lung cancers for 4%). HCC accounted for 27 and 30% of ESLD-related deaths in the early and late time periods, respectively. Other important causes of death were infections (n ¼ 22; 8%), other cancers (n ¼ 19, 7%), and suicide, trauma and accidents (n ¼ 16; 6%). AIDS-related deaths were rare (n ¼ 6; 2%). Despite thorough record review, 54 deaths (20%) were unable to be classified and remained of unknown cause. Among individuals who died of ESLD, only two had achieved 
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SVR (one in each of the 2003-2012 and 2013-2017 time periods).
Unadjusted, disease-specific mortality rates by time period and age group are shown in Table 2 and Fig. 1 . All-cause mortality remained stable among those aged 20-49 but decreased among those aged 50-80 over time. Overall, deaths due to ESLD decreased over time with a notable decrease in these deaths among those aged 50-80 years. ESLD was no longer the most common cause of death in the 2013-2017 time period in either age group. Although deaths secondary to drug overdose decreased among those aged 20-49, they still accounted for the greatest proportion of deaths in this age group in the later time period. Drug overdose deaths remained stable among those aged 50-80. Similarly, smoking-related deaths decreased with time; however, among those aged 50-80, they accounted for the greatest proportion of deaths from 2013 to 2017.
Cause-specific aHR are shown in Fig. 2 The early and late period ESLD-specific CIFs are shown in Fig. 3 . Among patients in whom HIV was well controlled and without liver fibrosis (reference group A), the estimated risk of death due to ESLD was very low even in the presence of a positive HCV RNA, regardless of age or time period. In contrast, for similar patients with advanced liver fibrosis, the risk of death from ESLD was higher (reference group B); however, this risk was reduced in recent years, particularly among those with a positive HCV RNA. Finally, patients with poorly controlled HIV and advanced fibrosis (group C) had the highest risk of death from ESLD. However, even this group experienced marked reductions in risk of ESLD over time, including among those whose HCV RNA was positive.
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Discussion
Our study prospectively identified trends in cause-specific mortality in a large cohort of HIV-HCV coinfected patients receiving care in a universal Canadian healthcare system before and after wider uptake of HCV therapy. We observed a very high overall death rate of 32.9 deaths per 1000 person-years (17% of our cohort died between 2003 and 2017) with the majority of deaths occurring prematurely (median age at death of 47 years). The observed death rate among Indigenous persons (31.5 deaths per 1000 person-years) was somewhat lower than expected. This was likely due to the recent entry of younger Indigenous participants with lower fibrosis scores in the late time period. All-cause mortality remained stable among those aged 20-49 and decreased among those aged 50-80 over time, but still remains high. Declining death rates were explained by a reduction in mortality from a variety of causes, emphasizing the need to appropriately account for competing risks of death when evaluating the role of HCV therapy on mortality. Deaths due to ESLD have declined over time and were no longer the leading cause of death in our cohort in the more recent time period. Instead, overdose accounted for the greatest proportion of deaths overall and among individuals aged 20-49 years while smoking-related deaths were the leading cause of death in those aged 50-80.
With the introduction of all oral DAAs resulting in more than 95% of coinfected persons achieving SVR in clinical trials, opportunities to halt liver fibrosis and decrease liver-related sequelae and mortality rates have increased substantially [33, 34] . We were interested in evaluating the impact of the wider availability and effectiveness of HCV treatment on causes of death in coinfected patients in the real world. Unlike in HIV, when the introduction of cART led to very rapid reductions in AIDS-related mortality, studying the effects of HCV treatment is more complex. The impact of HCV therapy would be expected to be considerably slower given the time it takes for HCV to result in advanced liver disease. Furthermore, the coinfected population is at particularly high risk for competing causes of deaths from lifestyle exposures primarily related to risks associated with substance use. Finally, in developed countries, the demographics of the coinfected population are shifting over time; age-related comorbidities are becoming more prevalent, further impacting the causes of mortality.
Despite this, we observed a reduction in ESLD deaths over time, with a notable decrease in such deaths among those aged 50-80. The decline in ESLD deaths is likely multifactorial and related to the expansion of treatment in the cohort after 2013, the recent availability of highly effective DAA therapy, the prioritization of older individuals with advanced fibrosis/cirrhosis for treatment, and early deaths amongst those with very advanced cirrhosis. When examining the CIFs, it becomes apparent that ESLD deaths are rare among patients without liver fibrosis and with well controlled HIV, and the impact of HCV treatment in this subgroup will likely be difficult to demonstrate even after a long period of time. In contrast, increased rates of HCV treatment uptake appear to be having an impact even among those with poor HIV control and advanced fibrosis -those who are at the highest risk of ESLD-related deaths -highlighting the need to prioritize treatment for these patients. Our finding that nearly all ESLD deaths occurred in patients who did not achieve SVR further reinforces this. Within our cohort, as of December 2017, 46% of patients with significant fibrosis had not yet achieved SVR. Among cirrhotics who achieved SVR, continued monitoring for HCC will be important to prevent a resurgence of ESLD deaths in the future [22, 23] . Finally, the observed decline in ESLD deaths among those who remained HCV RNA positive in this group is likely explained by the early deaths (in 2003-2012) amongst those with very advanced cirrhosis.
Several recent studies have shown declining liver-specific mortality over time [10, 17, 18, 35] . However, most studies did not account for competing risks [17, 18, 35] and censored competing events [18] , thereby upwardly biasing the incidence [31] . Grint et al. [10] accounted for competing risks, but their study was done in the pre-DAA era, making ours the first in the DAA era to examine trends in cause-specific mortality in coinfected patients, while simultaneously accounting for competing causes of death.
For those not at high risk for death from ESLD, it is clear that other behavioral risk factors will need to be addressed to reduce the high mortality rate among coinfected persons. The opioid epidemic sweeping across North America, particularly among young adults is of great concern [36, 37] . In our cohort, drug overdose was the most common cause of death. Significantly, even in the face of this epidemic, deaths due to overdose among those aged 20-49 have actually decreased, suggesting that improved linkage and access to harm reduction services may be occurring concurrently with HIV and HCV treatment. We previously observed that the number of patients reporting active IDU declined by approximately 10% following HCV treatment [38] , implying that there may be indirect benefits associated with treatment centered around accessing harm reduction programs. However, such programs must be sustained after treatment to reduce reinfection and the harms of IDU among high risk people who inject drugs [39] .
Smoking emerged as one of the most important modifiable risk factors associated with increased mortality in our cohort, particularly in the older age group. The prevalence of smoking was extraordinarily high in cohort participants, with over 90% reporting smoking in their lifetime and 75% currently -smoking rates that are over five times the Canadian average in 2017 (13%) [40] . Similarly, we did observe a reduction in deaths due to smoking-related causes that coincided with modest reductions in smoking between the two time periods, which may be in part explained by prolonged engagement in care, with associated health promotion and availability of smoking cessation services for cohort participants. Multidisciplinary care settings represent ideal models in which to broaden interventions offered alongside HCV therapy to maximize health outcomes [41] . Given that treatment for HCV requires a high degree of motivation and relatively frequent contact with the healthcare system, this may in fact be the most opportune time to address these modifiable risk factors.
In fact, while we must continue to advocate for universal access to HCV treatment, failing to address the structural, social and economic determinants of health that continue to drive the epidemic may undermine the advances made in ESLD mortality with treatment [42] . Although great efforts have been made to scale up access to HCV treatment in most countries, efforts to address addiction, mental health, homelessness, poverty and discrimination have paled in comparison. It is exactly these types of interventions -access to harm reduction services, regulated opioid distribution programs [36] , drug treatment centers, easy access to naloxone and supportive housing programs -that will be required to reduce mortality in this population going forward. Our findings are in keeping with recent studies that have demonstrated that behavioral risk factors account for approximately 50% of excess mortality in chronic hepatitis C infection [25, 26] , further reinforcing the importance of integrated services. There are individual-level and population-level benefits to HCV treatment beyond mortality such as improved quality of life and the reduced risk of transmission, respectively; however, providing HCV treatment alone while neglecting to concurrently address the social determinants of health will do little to improve the health outcomes of the majority of individuals with chronic HCV as our data have shown [42] .
The Canadian Co-infection Cohort comprises a diverse patient population followed at various primary and tertiary care clinics in urban and semiurban areas in Canada and is thus representative of the coinfected Canadian population [26] . Our study has limitations. Our results are not generalizable to HIV-HCV coinfected individuals who do not access care, for whom mortality rates are expected to be even higher. Despite the use of standardized case report forms to qualify causes of death as accurately as possible, the cause of death in 20% of persons remained unknown -a percentage that is comparable with previous studies [10] . Unknown deaths were often those found dead outside healthcare settings and may have represented overdose or sudden cardiac deaths. The proportion of deaths that were unknown diminished over time, suggesting determination of causes of death may have improved. Furthermore, as linkage to vital statistics was not complete, we may have missed deaths among patients lost to follow-up.
In conclusion, teasing out the potential benefits of HCV therapy will take time to demonstrate and is complex in the setting of HIV/HCV coinfection where there are multiple competing health and behavioral risks and. The immediate mortality benefits of HCV therapy will be concentrated among those with advanced fibrosis and efforts to expand treatment should prioritize this group. For those at lower risk of ESLD, while HCV treatment may have other benefits such as reducing transmission, focusing on interventions that target modifiable risk factors such as substance abuse and tobacco smoking will have the greatest impact on mortality in the short term and should therefore be integrated into routine HIV and HCV care.
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